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Supercavitating Propellers

A. S. Achkinadze
Ship Theory Department, Saint-Petersburg State Marine Technical University

3, Lotsmanskaya street, Saint-Petersburg 190008, Russia
E-mail: achkin(mail.ru

"At about the same time (1955 r.) I first
learned of the work of a Soviet scientist
Pozdunin on cavitating propulsors, and
also of the Russian term
"supercavitation", and then on I began
using this way of distinguishing
cavitating flows with long trailing
cavities from the other cavitating flows.
At the beginning there were objections to
use of this word, some preferred
"developed cavitation", but soon the
words "supercavitation" and
"supercavitating" came into general use in
the U.S.A. and worldwide."

M.P. Tulin, 2000 [1]

1. Summary

The lecture covers the main stages of the development of the research in the field of supercavitating
propellers (SCP) both experimental and theoretical. However, it should be viewed only as an introduction
to this vast domain attempting to mainly give a notion of the relevant Russian research started in 1941 on
the initiative of the academician V.L.Posdunin.

2. Historical notes and experimental investigation

2.1. TEST EQUIPMENT

The cavitation on a model of a screw propeller of just two inches in diameter was first observed by
Sir Charles Parsons in 1894 during the tests of a model of the screw propeller of the steam turbine driven
"Turbinia" (45-ton) in a small water tunnel invented by the researcher for this particular purpose [2]. In
1910 Sir Charles Parsons built the first cavitation tunnel of almost today's dimensions, where one could
test the propeller models of a diameter of up 12 inches (304.8 mm). The first cavitation tunnel in Russia
was launched in 1933. The first systematic tests of a series of the cavitating propellers with a segment-
type sections were conducted by H.W.Lerbs in 1936 with use of the cavitation tunnel built specially for
this purpose.

The principle of functioning of the cavitation tunnel, which represents a vertically mounted
hermetically sealed variable-diameter tube, is extremely simple (Fig. 1). This experimental installation
enables to conduct the force measurement and visual observations of models of the cavitating or
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supercavitating screw propeller for given magnitudes of advance coefficient and axial cavitation number,
which are taken equal to those of the full-size propellers for a regime under consideration. Therewith, it is
assumed somewhat approximately that such modeling ensures similarity of the cavitation phenomena in
the case of a sufficiently developed partial cavitation and in the case of supercavitation, which depend to
a lesser degree on the vertical distribution of the hydrostatic pressure, viscosity, turbulence, air content
and other factors not taken account of. Note that some of the forms of cavitation are either poorly
modeled in cavitation tunnel, or require application of the special procedures for recalculation of the
model results to those in full-scale. Examples include cavitation of the tip and axial vortices. Large
difficulties occur when modeling of erosion, noise and vibration of the cavitating propeller.

Nonetheless, the most important factors (criteria) during in testing of the supercavitating propellers in the
cavitation tunnel are the advance coefficient

J = V/(nD) (1)

and axial cavitation number

X = (po - p,)/(0.5pV 2 ), (2)

where p0 - is hydrostatic pressure at the level of the SCP axis; p, - pressure of saturated vapor of the

fluid at the temperature of the testing, sometimes this value is taken to be equal the pressure of the
vapor-fluid mixture in the cavity or the pressure above the free surface of the fluid for the case of
superventilation of the cavity under consideration; p - fluid density; V- flow velocity in the working

section of the cavitation tunnel; n - frequency of rotation; D - diameter of the SCP model.

Local cavitation number a for cylindrical section of the blade, characterized by the radius r, differs
form the axial cavitation number (2) in that in the denominator of the corresponding formula one finds a
transport velocity of the blade points, belonging to the given cylindrical section VE and a hydrostatic
pressure is assumed to correspond to the level of the considered point of the corresponding blade section
for its certain angular position p0o, namely

= (poro - p,)/(o.5PV ) (3)

where Vý = V 2 + (27cnr) 2.

It is obvious, that in the gravity field, when the screw propellers is rotating around a horizontal axis, the
local cavitation number is variable for the given point of the considered section, varying during one
revolution from a minimal magnitude (in the upper position of the considered point for its motion along a
circular trajectory of a given radius) up to a maximal magnitude at a given radius (in the lower position of
the considered point).

To control advance coefficient one can employ the velocity of the incoming flow in the working
section of the cavitation tunnel (the latter can be varied, by changing the frequency of the axial pump
mounted in the tunnel) or the frequency of rotation of the screw propeller model.

To adjust the axial cavitation number one can use a device with a vacuum pump, which enables to
pump air out of the volume above the free surface of the fluid, in a special shaft located higher than the
working section, i.e. where there is the only place with a free surface (other elements of the cavitation
tunnel are hermetically sealed and completely filled with water). The pressure above the free surface in
the aforementioned shaft decreases to a certain level, down to a certain value close to zero, which leads to
a corresponding reduction of the magnitude of p 0 , differing from the pressure above the free surface in a

special shaft by the magnitude of the hydrostatic height of the fluid column under propeller model axis.

For proper modeling of the hydrostatic pressure distribution in height, or, speaking more exactly, to
secure equality of the local cavitation numbers of the full size propeller and the model in all blade
sections with account of gravity, it is necessary to additionally fulfill the equality of the Froude numbers
for the model and full-size screw propeller. Absolute error in the determination of the local cavitation
number, calculated with use on transfer velocity for the cylindrical blade section at a relative radius F (in
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its upper position), occurring due to disregard of the inequality of Froude numbers, can be found through
an almost obvious formula

AC = {1/(n2 D) - 1/[(n*)2 D*]} -g / [j 2 + (rF) 2 ], (3a)

where n* and D* - are the frequency of rotation and the diameter of the full-size screw propeller.

It is seen, that, accounting besides the equality of Froude numbers for another necessary
requirement of the identity of advance coefficient for the model and full-size propeller, the
aforementioned error can be reduced to zero if, first, the velocity in the working section of the cavitation

tunnel would be Vi times less that the speed of the motion of the full-size propeller, and, secondly, the

frequency of rotation of the model would be Nri times more than that of the full-size propeller, where
M is the model scale, i.e. equal to the ratio of the diameter of the full-size propeller to that of the model
propeller.

For example, if the speed of the full-size propeller equals 60 knots (30.87m/c), diameter 1.054 m.,
frequency of rotation is 1465 rpm (24.42 revolutions a second), then, for the simultaneous fulfillment of
the identities of the Froude numbers and advance coefficient it is necessary to ensure the speed of 13.45
mis in the working section and the frequency of rotation of 3363 rpm (56.05 revolutions a second) when
testing in the cavitation tunnel a supercavitating propeller model of diameter 0.2 m. Note, that the results
obtained for the model can, in principle, be realized for good experimental installations. But more often
during the tests there are used smaller speed and frequency of rotation, which is acceptable only in those
cases, when the arising error, in accordance with (3a), does not exceed reasonable limits narrowing with
the reduction of the axial, and, correspondingly, local cavitation numbers.

The influence of the walls of the cavitation tunnel represents an obstacle for a proper modeling,
because there are no such walls in the full-size situation. The effect of the walls of the cavitation tunnel
may become unacceptably large especially when investigating the supercavitating regime, for which the
flow blockage in the tunnel working section due to development of large cavities can noticeably
influence the experimental results. Besides, the influence of the free surface (i.e. phenomena of
ventilation and wave making) is as a matter of principle impossible to study in conventional cavitation
tunnels. When investigating the supercavitating propulsors at small advance coefficients and small
cavitation numbers the use of the cavitation tunnel becomes altogether impossible due to "blockage" of
the cross section of the working section by the cavities. In order to conduct the experimental investigation
in such cases there were built the cavitation basins [22], [23], which have sufficiently large cross section
and a free surface, providing almost complete annihilation of the influence of walls, and enables studies
of the influence of the free surface.

Note that out of the three existing in the world (cavitation) depressurized towing tanks the first one
had been built in the 60s in Russia [22], having dimensional of 50x5x5 meters (length, width and depth
correspondingly). In Holland was built a depressurized towing tank with dimensions 240xl 8x8 meters.
More than 8 hours are needed to obtain vacuum constituting 4% of that of the atmospheric pressure [23].

However, the speed of the motion of model in the cavitation basins is restricted by approximately
4m/s, allowing to conduct the tests of the screw propeller model of the diameter 0.2 m in the operational
regimes corresponding (based on equal Froude numbers) the speed of the full-size propeller not
exceeding approximately 20 kn (assuming that the diameter of the full-size propeller is less than 1.2 m).
For the experimental study of the supercavitating propellers at the regime of maximum speed it is far
from being sufficient. Therefore the tests for such propellers in the cavitation basin can only be
conducted without account of Froude numbers, but, as opposed to the cavitation tunnel, for any
magnitudes of advance coefficient, including the regime of "blockage". At present the cavitation basin is
often used to study cavitation on a model of a conventional screw propeller, operating in the nonuniform
following wake behind the hull of a ship model although this wake is known not to completely
correspond to that of a full-size ship.

An alternative to cavitation basins which appeared in the 60s are cavitation tunnels with free water
surface, enabling to account both for the presence of a free surface and the ship hull. For example Free-
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surface Cavitation tunnel K27 in Berlin Technical University [35]. But it is difficult to receive the smooth
condition of the free water surface in this equipment.

For this reason investigators returned to build the cavitation tunnel but differ on conventional tunnel
with very big working section. The largest and most capable cavitation tunnel in the world is located in
Memphis, Tennessee, USA, reaches 18 m/s, which allows to cover the speed range of the full-size
propeller when testing up to the speeds of 70 kn. The cross section of the working section constitutes 3x3
m., which allows to test the propeller models together with that of ships in a scale from 1/10 to 1/20, and
to decrease the influence of the walls down to an acceptable level [59].

The full-size experiment (to a very restricted extent) and mostly the propeller testing in the
numerous conventional cavitation tunnels (there are approximately 66 tunnels in the world today [59])
constitute the main source of the contemporary experimental knowledge about the supercavitating and
strongly cavitating screw propellers.

2.2. DEVELOPMENT AND TESTING OF A SERIES OF SUPERCAVITATING AND STRONGLY CAVITATING

SCREW PROPELLERS, EXAMPLES OF THEIR USE FOR FULL-SIZE HYDROFOIL SHIPS

In the first part of the lecture let's dwell experimental investigations, connected with the
development of a small number of full-size hydrofoil ships equipped with supercavatating propellers.

Cavitation of propulsors, leading to erosion, vibration, hydro-acoustic noise and undesired change of
the hydrodynamic characteristics, represent a physical phenomenon, hindering the effort of the ship
builders to increase the speed of both the conventional displacement ships and high-speed ships with
dynamic principles of support. Sometimes, the whole set of technical problems accompanying occurrence
and development of cavitation is called a "cavitation barrier".

In some cases it is possible to avoid the aforelisted consequences of the cavitation occurrence by
way of designing a completely noncavitating propulsor. The proper selection of the expanded area ratio
of the screw propeller has for a long time permitted to avoid (completely or partially) the development of
the cavitation forms resulting in erosion of the screw propeller blades. However, as indicated in the
documents of the command of the German Navy dated 1932, they did not manage to avoid strong
erosion damage of the propellers of the destroyers and torpedo boats by the latter method [3]. In 200
hours of full-speed cruising the indicated screw propellers would acquire such a damage (erosion blisters
of size of a fist), so that their replacement became inevitable. According to the present views [4], one can
ensure an acceptable service resource of the screw propellers of ships up to the cruising speeds of 36
knots and even more by means of an optimal selection of the expanded area ratio, frequency of rotation
and diameter, in combination with application of the skew contours and improved profiling as well as by
taking measures to smooth out the nonuniformity of the following wake. The aforementioned measures
can ensure complete absence of cavitation or its very insignificant development, which practically does
not result in the erosion damage. For example, a prototype passenger hydrofoil "Taifun" (65t, 2x 1750 hp,
100 passengers, [20]) with automatically controlled deeply submerged hydrofoils ship, built in Russia in
1971 reached a speed up to 44 knots with use of two non-cavitating screw propellers mounted on struts
(pushing type arrangement)

However, in many cases, it is impossible to design a non-cavitating propulsor. For example, this is
the case when the following peculiarities take place simultaneously or separately: high full speed,
mounting of the screw propeller on an inclined shaft, nearness of the free surface, too large expanded
area ratio (> 1.2), needed to avoid cavitation.

An alternative to the design of the non-cavitating propulsor is naturally an idea of designing a
cavitating propulsor which is only to a small extent exposed to erosion and other negative consequences
of cavitation. This idea was first set forth in 1941 for the purpose of design of the screw propellers of
destroyers and similar ships by a Russian academician Valentin Lvovich Pozdunin [7],[8],[9].[10]. He



22-5

proposed to select a expanded area ratio, distribution of pitch, section curvature and the form of the
sections (Fig. 2) in such a way, that the blades of the high- speed ship screw propeller should operate in
the regime of supercavitation. More specifically, in such a regime when the cavities formed on the blades
have a length exceeding the local chord, and, therefore close at a certain distance behind the blade (Fig.
3). Therewith, the erosion which usually occurs when the cavities close on the blade surface would not
occurs in the supercavitating regime. If additionally, one minimizes the time of the transient ship regime
for which the cavities have a length less than the local chords, the unfavorable consequences of the
cavitation would not exceed reasonable limits.

Based on intensive experimental investigations in the cavitation tunnel Pozdunin revealed the main
difficulties hindering the realization of his idea. First of all, it turned out to be of preference for the
supercavitating propellers to employ a special wedge-type profiling (Fig. 4, 5), drastically different from
the one traditionally used for the noncavitating screw propellers. Further on, in Russia they started to call
supercavitating those propellers that have a wedge-type profiling. And to designate the supercavitating
propellers with a segment-type profiling a term highly cavitating propellers was introduced.

The wedge-type profiling and the peculiarities of the flow past the SC propellers immediately gave
birth to several problems. First of all, the problem of securing a local strength of thin wedge-type
leading edges of the blades which would be sufficient for the full-size propeller. Secondly, the necessity
of securing at the regime of full cruising a sufficient length and thickness of the cavity in all sections with
a certain reserve for the cavitation occurrence on the pressure side of the blade. Thirdly, the necessity of
securing of a sufficient thrust of the propulsor at the intermediate regimes, e.g. at the regime of the drag
hump of the hydrofoil ship. The latter problem turned out to be rather important for the design of the
hydrofoil ship as a whole and will be considered later in more detail, as there emerged historically two
different ways of its solution, namely, the American one and the Russian one.

For the destroyers and torpedo boats the idea of Pozdunin was not realized, as it appeared in the
process of experimental investigation that it is only reasonable to employ the SC propellers for by far
larger magnitudes of the cruising speed, more specifically, at speeds higher than 50 knots, or for the local
cavitation number at 0.7 of the propeller radius less than 0.045. In other words, with the purpose of
obtaining sufficiently long cavities, if at all possible, it would be necessary to abruptly increase the angles
of attack of the blade sections which would result in an unjustified augmentation of the cavitation drag
and a sharp drop of the efficiency. The problem of erosion destruction of the screw propellers of the
torpedo boats due to cavitation at the root sections of the blades, was successfully resolved by way of
drilling anti-erosions orifices [ 11].

A complete realization of the Pozdunin's idea was effected in mid-50s by the researchers of the
David Tailor Model Basin A.J. Tachmindji and W.B. Morgan [12], E.B.Caster [13] et al. As recollected
by M.P.Tulin [1], these specialists started investigation of the SC propellers in the United States (1957)
with a design by means of calculations (using quite an approximate lifting line theory) of a model of a
two-blade SC propeller with wedge-type profiling. Therewith, the profile of the section was adopted in
the form of the so-called 2-parametric optimal profile found with use of the linear two-dimensional
theory of M.P.Tulin for zero cavitation number [14] (see Fig.5). Testing of this model completely
confirmed sufficient accuracy of the adopted method of the design calculation. Further on this success
allowed to develop by means of calculation series of 2, 3 and 4-blade SC propellers [13]. Testing of
separate models in the cavitation tunnel also confirmed sufficient accuracy of the calculated results. For
example, for the model of a supercavitating 3-blade screw propeller with expanded area ratio 0.5 and
pitch ratio 1.57 there were obtained in the course of the experiment for a advance coefficient 1.125 and
axial cavitation number 0.3 the thrust coefficient 0.140 and efficiency 0.685, which turned out to be just
2.2% less that the calculated one [12]. In 1962 under guidance of M.P.Tulin the specialists of the
company "Hydronautics" successfully developed a 2-blade SC propeller for a gas-turbine hydrofoil ship
"Denison" (80 ton, 60 knots, 10000 hp) [1],[15]. Therewith, the form of the pressure side coincided with
that of the Tulin's 2-parametric foil, similarly to the aforementioned series, and the thickness was
augmented up to the parabolic one. Especially big difficulties arised in securing a sufficient thrust at the
regime of the drag hump, but this matter would be considered in more detail later on. Here we would
only mention that these difficulties were connected with a phenomena of the flow "blockage" by the
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cavities typical for the SC propellers at the magnitudes of advance coefficient significantly less than
those corresponding to the maximum speed for the given ship project.

In mid-60s there was built a Canadian open ocean hydrofoil ship "HMCS Bras d'Or" (235 ton., 60
kn., 22000 hp) with two SC propellers [16]. When developing these propellers special attention was
attached to the investigation of the local strength in the vicinity of the leading edge.

In 1958, i.e. practically at the same time as the U.S. specialists, a Krylov Institute researcher
Yu.M.Sadovnikov conducted testing of a series "K" of the SC propellers with wedge-type profiling and
symmetric contour [ 17],[18],[19],[20], comprising 15 two -blade models and 9 three-blade models of the
0.2 m. diameter. The propellers had a relative radius of the hub 0.165, expanded area ratio varied in the
range 0.34-1.11, pitch ratio varied in the range 1.0-1.8, and the minimal axial cavitation number reached
0.3. The action curves of one model of this series are presented in Fig. 6. However, the full-size hydrofoil
ship with the screw propeller of this series was never built, because for them problem of providing
sufficient thurst at the drag hump regime was not solved for this series (see more details further on). The
effective solution of the aforementioned problem in the Russian version (when the advance coefficient at
the drag hump regime differs only slightly from that in full cruising speed due to drop in rpm) was solved
by replacing the wedge-type profiling by the segment-type one (see, Fig.4). Further on, as indicated,
adopted in the KSRI (and in Russia) was the term highly cavitating propellers for the SC propellers
having the segment-type profiling.

Thus, the distinction between the highly cavitating propellers and the supercavitating propellers
consists in the profiling (see Fig.4). In particular, instead of the wedge-type chordwise thickness
distribution used is the segment distribution without shifting of the maximal thickness from the midchord
("CK" series) or with shifting of the maximal thickness 15% upstream of the midchord ("CK2" series).

The "CK" series is that of 3-blade highly cavitating screw propellers which was developed and
tested in by V.D. Tsapin, and comprises 28 models with expanded area ratio in the range 0.65-1.10 and
with pitch ratio in the range 1.0-2.2 [17] ],[18],[19],[20]. Fig. 7 gives the characteristic curves for one of
the models of this series, and the following Table 1 provides a comparison of the hydrodynamic
characteristics of this model with the similar one of the series "K" of the supercavitating screw
propellers, the characteristic curves of the latter being shown in Fig.6.

It can be seen from the Table that in the SC regime, when the hydrofoil ship has a maximal speed
and the axial cavitation number is equal 0.3, the efficiency of the propeller with wedge-type profiling
("K" series) is 12 - 16% higher than that of the propellers with segment-type profiling ("CK" series). This
can be explained by a smaller thickness of the leading edges for the wedge-type series, leading to the
decrease of the cavity thickness and the cavitation drag of the propellers of this series. The general
strength provided therewith is approximately the same at the expense of larger thickness of the trailing
edges for the wedge-type series, although the local strength in the vicinity of these edges is noticeably
lower.
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Table 1. Comparison of characteristics of two screw propellers with an
expanded area ratio 0.81/0.8 and pitch ratio 1.4, belonging to the series "K" of SC

propellers with wedge-type profiling and a series "CK" of highly cavitating propellers
with segment profiling (see Fig.6 and Fig,.7), (J-advance coefficient, KT -thrust

coefficient, qJ0 -open water propeller efficiency)

J Axial cavitation KT KT 70 70 Ar/o
"number "K" "CK" "K" "CK" in %

0.8 0.3 - -
0.9 0.3 - - - - -

1.0 0.3 0.100 0.095 0.600 0.533 12.6

1.1 0.3 0.115 0.103 0.655 0.565 15.9
1.2 0.3 0.098 0.099 0.630 0.560 12.5
0.8 1.0 0.225 0.215 0.562 0.515 9.1
0.9 1.0 0.230 0.248 0.620 0.588 5.4
1.0 1.0 0.200 0.250 0.640 0.660 -3.1
1.1 1.0 0.150 0.208 0.590 0.700 -18.6
1.2 1.0 0.100 0.161 0.520 0.709 -36.3
0.8 Atmosphere 0.315 0.348 0.560 0.562 -0.4
0.9 Atmosphere 0.250 0.300 0.618 0.619 -0.2
1.0 Atmosphere 0.200 0.253 0.625 0.667 -6.7
1.1 Atmosphere 0.150 0.208 0.620 0.700 -12.9
1.2 Atmosphere 0.100 0.161 0.575 0.709 -23.3

On the other hand the series "CK" with the segment profiling has much larger efficiency (more than
18% larger) as compared to the "K" series at the regime of drag hump, when the speed of the hydrofoil
constitutes about 5 0 -6 5 % of the maximal speed, which corresponds e.g. to the axial cavitation number
equal to 1.0 or slightly larger. Therewith, the advance coefficient only slightly differs from its magnitude
1.15, corresponding to the maximal efficiency of both screw propellers at the maximal speed regime. The
case described herein corresponds to a Russian variant of the design of the hydrofoil ship, when the
power plant (not having large reserve of power) allows a reduction of the frequency of rotation of the
propeller at the drag hump (almost proportionally to the drop of the translational speed of ship) as a
consequence of growth of the turning moment and, therefore the advance coefficient at the drag hump
regime is only slightly less than its own magnitude at the maximal speed regime.

In the case under consideration the increased efficiency of the propeller at the drag hump regime
becomes a decisive factor for choosing the series "CK", as the series "K", due to reduced efficiency and
for available power simply does not provide sufficient thrust at the drag hump regime. Note that at the
drag hump regime, the hydrofoil ship, as opposed to the displacement ship, has a drag, and hence a
required thrust of propulsors close or even exceeding that of the maximum speed.

The U.S. approach to the considered problem of design of the hydrofoil ship radically differs from
the Russian one described above. The power plant, for example, gas turbine, is chosen in such a way as to
have a sufficient reserve of power to ensure constancy of the frequency of rotation of the propeller for all
regimes from that of the maximal speed up to that of the drag hump. Then according to formula (1), the
advance coefficient at the regime of drag hump would drop in comparison with that of the maximal speed
some 50-35%, i.e. in proportion to the drop of the speed of the translational motion of the ship.
Therewith, as follows from the Table 1 given above, (for axial cavitation number of 1.0 or higher) the
efficiency of the propellers of the series "K" with wedge-type profiling is more than 9% higher than that
of the series "CK" propellers with the segment-type profiling. Consequently, if one use the U.S. approach
to the design, the preference should be given to the series "K" with wedge-type profiling which had been
done in reality by the American and Canadian specialists when developing the SC propellers for the
aforementioned hydrofoil ship "Denison" and an open ocean hydrofoil ship "HMCS Bras d'Or". It should
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be noted, however, that the U.S. specialists encountered additional difficulties, related to peculiarities of
operation of the SC propeller for small advance coefficient- the aforementioned "blockage" effect.

The comparison presented above was made for the two concrete propellers of the indicated two
series, having identical number of blades, blade contours, expanded area ratios, pitch ratios, form of the
pressure surface and magnitudes of the advance coefficient, but different distribution of the section
thickness chordwise. More complete comparison requires analysis of both series, as the advance
coefficients, pitch and expanded area ratios for each of the compared propellers are not necessarily equal,
and may be taken as optimal for the corresponding series, i.e. may be taken correspondingly to the
maximal efficiency for a given cavitation number. The data required for a more complete analysis are
given in the Table 2.

Table 2. Comparison of characteristics of two 3-blade optimal screw propellers at
axial cavitation number of 0.3, belonging to the series "K" of supercavitating screw
propellers with wedge-type profiling and a series "CK" of highly cavitating screw

propellers with segment-type profiling (J-advance coefficient, K, -thrust coefficient, ?0 -

open water propeller efficiency, A, / A0 -expanded area ratio, P/D-pitch/diameter ratio)

axial series aim AE IA0  P/D KT T 0 K = 1/K' =
cavitation function
number J/ KT KT/J 2

0.3 "K" max 70  0.81 1.4 1.12 0.120 0.660 3.233 0.276

1.0 "K" not opt 0.81 1.4 1.12 0.140 0.610
1.0 "K" not opt 0.81 1.4 0.70 0.195 0.490
0.3 "CK" max 70  0.95 1.8 1.50 0.177 0.660 3.565 0.187

1.0 "CK" not opt 0.95 1.8 1.50 0.209 0.706
1.0 "CK" not opt 0.95 1.8 0.90 0.290 0.457

Comment: the last two columns contain the coefficients, which should be multiplied by the
identical for both compared variants multiplier (if identical are the fluid density, thrust and the speed of
advancement in free water) with the goal of determining the diameter and the frequency of rotation for
the optimal (in efficiency) screw propeller of the corresponding series complying with the considered
conditions.

A straitforward analysis of the data given in the Table 2 shows that, as opposed to comparison for
the same advance coefficient and other identical parameters, in the case considered here of the maximal
speed regime (and axial cavitation number equal to 0.3) no advantage is found in the maximal magnitude
of the efficiency of the either series under comparison, because the efficiencies of the optimal wedge-
type screw propeller of the "K" series and the optimal segment-type propeller of the "CK" series are
identical and equal to 0.66. It should be recognized, however, that this magnitude is reached at different
magnitudes of the advance coefficient, expanded area ratio and pitch ratio.

A deeper analysis shows that for given fluid density, thrust of the propeller and the speed of the
ship, the optimal propeller of the "K" series would have 10% smaller diameter and 48% larger frequency
of rotation as compared with the optimal series "CK" propeller. Increased frequency of rotation and
reduced diameter (for identical other conditions) stipulate a substantial advantage of the series "K"
propellers with the wedge-type profiling at the maximal speed regime.

The final choice of the series is again defined by the adopted variant of the design of the hydrofoil
ship as a whole. If one use the Russian variant, when the advance coefficient at the drag hump regime is
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only slightly different from that at the maximal speed regime, the preference should be given to the "CK"
series with the segment profile, as it follows from the Table 2 that the efficiency of the propellers of this
series at the drag hump regime in this case (axial cavitation number 1.0, J=1.5) is 15.7% higher than for
the propellers of the "K" series. Notwithstanding the indicated advantages of the "K" series at the
maximal speed regime, both in the case considered here and in the course of the analysis of the Table 1,
the increased efficiency of the propellers at the drag hump regime becomes a crucial factor for selection
of the "CK" series because the "K" series (due to reduced efficiency) for the lack of a sufficient reserve
of power (Russian variant) simply cannot provide sufficient thrust at the drag hump regime.

On the other hand, if the U.S. approach is employed to the design of the hydrofoil ship as a whole,
when both the frequency of rotation is almost constant, and the advance coefficient at the drag hump
regime is much less than its magnitude at the maximal speed regime (in the Table 2 the magnitude of the
advance coefficient is decreased on 40%) the preference when selecting the series should be given to the
"K" series with wedge-type profiling because the efficiency of the propellers of this series at the drag
hump is (axial cavitation number 1.0, J=0.7) is 7.2% higher than for the propellers of the series "CK".

Thus, the comparative analysis of the propeller series differing only in the shape of the section, both
for the same advance coefficient (based on the Table 1), and for the propeller at the optimal advance
coefficient (based on the Table 2), leads to one and the same conclusion. For almost constant advance
coefficient (Russian variant) advantageous is the segment profiling, whereas for almost constant rpm
(U.S. variant) the advantage is on the side of the wedge-type profiling.

Another important conclusion can be made on the basis of the foregoing material. When designing a
supercavitating or a highly cavitating propeller for a hydrofoil ship the project optimization at the regime
of maximal speed should be performed in such a way that a sufficient thrust be provided at the drag hump
regime with account of the power plant available on board. In short, the high efficiency at the maximal
speed regime is not the only requirement when designing a supercavitating or a highly cavitating
propeller for a hydrofoil ship.

Further progress in the development of the supercavitating or a highly cavitating propeller in Russia
was connected with a more complete utilization of the computational methods of the vortex theory. In
1970 A.A.Russetskiy and E.A.Fisher in the KSRI employed the lifting line theory with a number of
corrections, including those to approximately account for the presence of cavities in the inter-blade space
[17]. It is interesting to note that this approach was semi-empirical, as it made use of the experimental
data for the determination of the cavities' thickness at the trailing edge of the blade [24]. Most certainly,
the mentioned experimental materials were valid only for the design of such propellers which differed
but slightly from the tested ones.

Based on the described approach there was designed a small series of 3-blade highly cavitating
propellers "CK2", comprising 4 models with expanded area ratio 0.9 and a radius-wise variable pitch
ratio, varying in the range 0.9-1.6 at the radius 0.6. An interesting peculiarity of the form of the profiles
of this series consisted in a shifting of the maximal of thickness and curvature of the pressure surface
15% from the midchord to trailing edge of cylindrical sections, while retaining of practically segment
form for the corresponding distributions for the region of the leading and trailing edges. Therewith the
thickness of the leading part of the profiles decreased, which served to augment the efficiency at the full
speed regime, but, simultaneously, should diminish the strength in the region of the leading edges.



22-10

Table 3. Comparison of characteristics of the two 3-blade optimal screw propellers
with axial cavitation number 0.3, belonging to the series of supercavitating "CK2" and the

series of highly cavitating screw propellers "CK3" (J-advance coefficient,K, -thrust

coefficient, ?J0 -open water propeller efficiency, A, / A0 -expanded area ratio, P/D-

pitch/diameter ratio)

axial series Goal AEl Ao P/D JKT 0 KDT = 1 2/KT =

cavitation function on

number r=0.6 JI KT /j 2

0.3 "CK2" maxl7 0  0.95 1.36 1.08 0.115 0.645 3.185 0.291

1.0 "CK2" not opt 0.95 1.36 1 .08 0.205 0.690
1.0 "CK2" not opt 0.95 1.36 0.70 0.165 0.470
0.3 "CK3" Maxl70  0.95 1.56 1.24 0.150 0.680 3.202 0.252

1.0 "CK3" not opt 0.95 1.56 1.24 0.220 0.708
1.0 "CK3" not opt 0.95 1.56 0.60 0.175 0.360

Comment: The last two columns contain the coefficients, which should be multiplied by the the same
multiplier for the variants under comparison (if identical are fluid density, thrust and speed of
translational motion in free water) with the goal of determining the diameter and the frequency of rotation
for the optimal (in efficiency) screw propeller of a given series complying with conditions considered.

The results of the testing of the models of this series (see, Table 3) showed, that no gain was
obtained. In the maximal magnitude of the efficiency in comparison with the "CK" series. However, one
was able to reduce relative advance coefficient corresponding to the maximal efficiency (1.08 instead of
1.50 for the series "CK"), which led (inspire of the decrease of the thrust coefficient) to a possibility to
reduce diameter of the optimal screw propeller for this series by 12% as compared to the optimal and
identical in thrust screw propeller of the "CK" (therewith the frequency of rotation increased by 56%).

Comparing with the data of the Table 2 for a conditional drag hump regime, one can notice, that for
the constant advance coefficient (Russian variant) the screw propeller of the "CK2" series has 2.3% less
efficiency than the propellers of the "CK" series. At the expense of the shifting of the maximum of
efficiency toward smaller advance coefficients the screw propellers of the "CK2" series have noticeably
larger efficiency at the maximum speed regime when the axial cavitation number equals 0.3, as
compared to the propellers of the "CK", if the comparison is conducted for the advance coefficient less
then 1.2 (see Table 4). For example, for J=1.0 the augmentation of the efficiency constitutes 18.2%.


